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Abstract (optional):

Free-floating planets are the remnants of violent dynamical rearrangements of planetary systems.
It is possible that even our own solar system ejected a large planet early in its evolution. WFIRST
will have the ability to detect free-floating planets over a wide range of masses, but it will not be
able to directly measure their masses. Microlensing parallax observations can be used to measure
the masses of isolated objects, including free-floating planets, by observing their microlensing
events from two locations. The intra-L2 separation between WFIRST and Euclid is large enough
to enable microlensing parallax measurements, especially given the exquisite photometric
precision that both spacecraft are capable of over wide fields. In this white paper we describe how
a modest investment of observing time could yield hundreds of parallax measurements for
WFIRST’s bound and free-floating planets. We also describe how a short observing campaign of
precursor observations by Euclid can improve WFIRST’s bound planet and host star mass
measurements.



Free-floating planets constrain planetary system evolution

A full understanding of planet formation and planetary system evolution must account for not
only those systems that are created and survive, but also those that are destroyed.

At the end of the planet formation process, as the protoplanetary disk is photoevaporated away,
chaos is unleashed within the newly formed planetary systems. The ejection of planets from their
systems, or into much larger orbits, is a natural consequence of the N-body dynamics of newly
formed planetary systems (e.g., Rasio & Ford, |1996; |Weidenschilling & Marzari, 1996), whose
mutual interactions had previously been damped by gas and dust disks. Extensions of the Nice
model of the early evolution of our solar system (Gomes et al., 2005; Tsiganis et al., 2005; Mor-
bidelli et al., 2005)), hypothesize that initially five giant planets were formed before one Neptune-
like planet was ejected from the solar system after a close encounter with Jupiter (Nesvorny, 2011;
Batygin et al., 2012). Even if not completely ejected, a large planet could still lurk undetected in
the outer reaches of the solar system (e.g., Trujillo & Sheppard, 2014} [Batygin & Brown, 2016;
Batygin et al., 2019). In addition to large planets, vast quantities of planetesimals of various sizes
are likely to be ejected from planetary systems, possibly up to tens of Earth masses in total, perhaps
with up to an Earth mass in large Pluto-sized objects (e.g.,|Levison et al., 2008). Theoretical expec-
tations for the ejection rate of small and large planets vary (e.g., Mann et al., [2010; Ptyffer et al.,
2015; Barclay et al., 2017), but recently a small number of strong free-floating planet candidates
have been detected by microlensing surveys (Mroz et al., 2018, 2019).

A measurement of the mass function of free-floating and widely bound planets therefore places
important constraints on the process of planet formation and evolution, and the frequency of vio-
lent instabilities that lead to planetary ejections.

Free-floating planet mass measurements from Euclid-WFIRST L2-L2 parallax

WFIRST will detect free-floating and wide-orbit planets beyond 10 AU over a wide range of
masses. Should ~1Mg-worth of Pluto-mass objects, or ~0.1M ¢ -worth of 0.01-1M, objects, ex-
ist per star on wide orbits or ejected from their systems, WFIRST s microlensing survey will detect
them (Spergel et al., 2015, Johnson et al. 2019 in prep.). If they exist with a mass function similar
to microlensing’s bound planets, WFIRST will detect hundreds. However, WFIRST alone will pro-
vide only order-of-magnitude constraints on the mass of each object, based on their microlensing
timescale, which is a degenerate combination of the object’s mass, distance, and velocity relative
to the microlensing source star. For some fraction of WFIRST’s free-floating planets, a further
constraint on mass and distance to the object is provided by finite source effects, which yield the
angular Einstein ring radius 6y if the color of the microlensing source star is also measured. But
0 it is not sufficient to completely resolve the mass degeneracy.

A complete solution to the mass and distance of a free floating planet can be made if, in ad-
dition to #g, the microlensing parallax 7y is also measured (e.g. Gould, 2000). For a free-floating
planet, which causes a very short < 1 day, microlensing event, the only way to measure 7g is
by simultaneous high-cadence observation of the event by two observers separated by a baseline
that is smaller than, but comparable to the Einstein radius projected onto the solar system, 7. For
typical values of microlensing parameters, 7'y takes values

Fg ~ 10AU\/M /Mg ~ 0.03AU/M /M. (1)

This means that the ~0.01 AU baseline between WFIRST at L2 and the Earth is well suited to
measuring microlensing parallax of free-floating planets. Combining 7 and 0y measurements
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Figure 1: Simulated microlensing lightcurves demonstrating how even the short intra-L2 baseline
between WFIRST and Euclid can produce measurable differences between the lightcurves of Earth-
mass planetary microlensing events. The left plot shows the lightcurve of a 1M, wide-orbit planet
with a lightcurve resembling a free-floating planet, whereas the right plot shows the lightcurve of
a 1M planet 1 AU from its 0.11 M/, host.

yields a direct measurement of the lens’ mass
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where k = 8.144 mas/M, is a constant.

Unfortunately however, the majority of WFIRST s microlensing events will be too faint to be
seen from ground-based telescopes due to their worse resolution and higher backgrounds (Penny
et al., 2019), and parallax measurements will probably only be possible for the brightest events,
even with telescopes such as LSST (e.g. Street et al., 2018)).

Thankfully, the orbits taken by spacecraft around L2 are large, and can be a significant fraction
of the Earth-L2 distance itself. The only other telescope operating at L2 and capable of high-
cadence observations over a wide field of view will be Euclid (Laureyjs et al., [2011), which Penny
et al. (2013) demonstrated would be highly capable of conducting its own microlensing survey.
Euclid’s orbit about L2 will have a diameter of the order of 1 million km, or ~0.007 AU. Figure 1
shows a simulated lightcurve of an Earth-mass free-floating planet observed simultaneously from
WFIRST and Euclid at two different locations within L2. Microlensing parallax has a large impact
on how the microlensing event appears to both spacecraft. Euclid’s high-cadence observations
in two colors would also guarantee the measurement of the source star color, which is required to
measure 0g; WFIRST may not be able to measure source colors for all free-floating planets because
it is expected to gather color measurements at a lower cadence, (Penny et al., 2019, ~6-12 hours).

Euclid enables the measurement of parallaxes and masses for bound planet and their hosts
WFIRST will measure host and planet masses in most of its microlensing events via direct

detection of light from the lens star as it separates from the microlensing source star (Spergel et al.,

2015; Bennett et al., [2007; Bhattacharya et al., 2018, see also the white paper by Bhattacharya et



al.). Lens detection provides a measurement of the relative proper motion of the lens and source,
which when combined with the event timescale and an assumption of the source distance, yields a
mass-distance relation (mass as a function of unknown lens distance). Lens detection also allows
an estimate of the lens magnitude, which with the assumption of its extinction, and that there are
no other significant contributors to light that affect the measurement (e.g., a luminous companion
to the lens or source, or an unrelated star), yields another mass-distance relation. These can be
combined to produce a unique solution for the lens mass and distance, even for isolated stars.
However, both mass-distance relations can have similar functional forms for certain combinations
of observables, which can lead to large uncertainties on the lens mass and distance in some cases.
Planetary events with measurable finite source effects provide an independent estimate of fg and
relative lens-source proper motion, which can mitigate the effect of excess light from unknown
companions, and thus more secure and accurate mass and distance estimates. Even with this,
however, direct detection of the lens can fail if the relative proper motion is too low, or the source
too bright, to allow detection of the lens.

Therefore, it is important to have an independent method with which to estimate or constrain
the lens mass. Measurement of microlensing parallax 7y provides another mass-distance relation
that varies inversely with distance, i.e., in the opposite sense to the previously mentioned mass
distance relations, which can yield a more precise mass measurement. Additionally, if finite source
effects are measured, the lens mass can be written purely in terms of observables, M = 0 /K7,
that require no astrophysical assumptions (e.g., a mass-luminosity relation, source distance, etc.).

The same scaling arguments for the scale of the projected Einstein radius apply to bound-
planets as well as free-floating planets. Therefore, high-cadence observations from Euclid can
also be used to measure microlensing parallax from the planetary microlensing feature of
bound planets, as demonstrated in Figure 1.

From equation 1 we see that the projected Einstein ring radius for stellar-mass lenses is much
larger than the intra-L2 separation of Euclid and WFIRST, so we can expect them to see very similar
microlensing events. Nevertheless, the differences between the events may still be observable if an
event is highly magnified. For lens-source separations normalized to the Einstein radius v < 0.5,
the microlensing magnification scales as ~u !, and its gradient is ~u~2. Therefore, even small
differences in observer location can result in observable differences in magnification with precise
enough photometry. For example, for an event with u = 0.1, a 0.003 AU Euclid—-WFIRST baseline
would result in a ~3% difference in magnification that is measurable with photometric precision
of ~1% or better that is achievable with both spacecraft for a large number of microlensing events.

Detailed Fisher matrix calculations by Bachelet et al. (2019, in prep.) show that for the bright-
est of WFIRST's source stars, which will be those most likely to prevent mass measurements via
direct lens detection, Euclid will be able to detect parallax from the host star’s microlensing event
for hundreds of events. In these events where the lens is directly detectable, the parallax measure-
ment will deliver significantly improved mass measurements, especially for single lenses. These
events will provide invaluable cross-checks on WFIRSTs lens-detection masses, and provide an
estimate of how many such measurements may be compromised by companion or unrelated stars.

In addition to measuring parallaxes, Euclid can confirm the planetary nature of some microlens-
ing events that are vulnerable to confusion with a possible false positive. Binary source stars with
extreme flux ratios can cause lightcurve anomalies that resemble low-mass planets (Gaudi, |1998)).
However, the binary source anomalies are usually chromatic, compared to the achromatic plane-
tary deviation. Therefore, high cadence observations with Euclid’s VIS instrument (see below) can
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be used to discriminate between the two scenarios, and confirm WFIRST planets.

Euclid is an excellent microlensing observatory

Euclid (Laureijs et al.l 2011) is a 1.3-m telescope with two instruments (VIS and NISP) fed
by a dichroic that can image the same 0.5 deg? field of view simultaneously. VIS is a diffraction
limited optical imager with a single, wide 0.55-0.90 ;sm bandpass and 0.1” pixels. NISP has 0.3”
pixels, with grisms and imaging filters spanning 0.95-1.85,m. The spacecraft will follow a halo
orbit around L2. NASA contributed the infrared detectors to the Euclid mission, in return for US
participation in the mission.

Euclid maneuvers using cold gas thrusters, which produce no jitter when not firing, but result
in a slow slew and settle time of 350 s to move by one field of view, though it is possible that
its actual performance will be better than this design requirement. The long slew and settle time
limits the cadence at which more than one field can be observed in time series. For a cadence of
15 minutes, matching WFIRST, it is only possible to observe two fields with an exposure time of
100 s, which would cover only half of WFIRST s ~2 deg? microlensing field. Four fields can be
covered at ~30 minute cadence, or some combination of two or three fields could be observed with
longer exposure times. Four Euclid fields could cover ~90% of WFIRST s microlensing fields.

Combining simultaneous 100 s exposures in the VIS and NISP H bands, Euclid can achieve
a photometric signal to noise ratio that is ~60-85% of that achieved by a single 47 s WFIRST
microlensing observation over the magnitude range W 146 = 20-24 (AB magnitudes in WFIRST’s
wide 1-2um filter), when accounting for colors, crowding, sky backgrounds and extinction in the
field (Bachelet et al. 2019, in prep.). This magnitude range covers the majority of WFIRST s source
magnitudes for events with planet detections (Penny et al., 2019), and so Euclid can provide useful
parallax measurements for a large fraction of WFIRST’s planets provided that it observes them.

During its main mission Euclid will operate within a limited range of solar aspect angles
SAA = 87-110° to maintain thermal stability (Gémez—Alvarez et al.l, 2018]), which limits the
time it can observe the Galactic bulge to two 23-day long seasons per year, or ~32% of WFIRST s
72-day microlensing seasons. However, its possible that the spacecraft could operate over a wider
range of angles in an extended mission with less stringent stability requirements. If it was possi-
ble to expand these limits to be symmetric about 90° in an extended mission, then roughly 56%
or more simultaneous coverage with WFIRST would be possible. With current launch schedules
and survey strategies, half of WFIRST s microlensing seasons would fall within the Euclid main
mission (2022-2028), and the other half would fall afterwards.

If every possible opportunity for simultaneous high-cadence observations with Euclid were
taken in the main mission (69 days total), and if SAA constraints were relaxed for an extended
mission (enabling 120 days of simultaneous observations), Euclid could provide simultaneous ob-
servations during ~44% of WFIRST’s microlensing observations. If these observations are only
useful for half of WFIRST’s planets, likely a conservative assumption, Euclid could provide paral-
laxes for ~70 free-floating planets and ~300 or more bound planets. High-cadence VIS observa-
tions would also discriminate between low-mass planet and high-flux-ratio binary source events.

Taking 69 days out of Euclid’s 6 year prime mission (~3% of the mission duration) may not be
feasible if Euclid 1s to meet its survey requirements. However, we note that due to WFIRST’s later
launch date, these observations would occur in the second half of Fuclid’s mission, when the ob-
serving schedule will be less efficient and schedule holes are more likely to exist (Gémez-Alvarez
et al., 2018)). These holes are likely to be smaller than the total 23-day Euclid bulge season, but
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even continuous spans of high cadence observations lasting as short as ~1 day would be useful.
In a 1 day period, WFIRST can expect to detect ~3 bound planets and ~0.75 free-floating planets,
and 24 hours of coverage would capture most or all of the planetary signal.

Precursor Euclid observations of the WFIRST field

For one third of WFIRSTs planets, detected in the microlensing seasons closest to the mis-
sion’s midpoint, there will only be a baseline of at most 3.5 years over which to measure the lens
separating from the source star. For a typical event, this will result in a ~0.2 pixel separation be-
tween the lens and source, making mass measurement by lens detection challenging. Euclid will
launch in 2022, three years earlier than WFIRST in 2025. An early observation using Euclid’s
VIS channel of the entire WFIRST microlensing field, possibly during Euclid’s commission-
ing activities, would double the proper motion baseline over which to measure lens-source
separations and masses for one third of WFIRST’s planet hosts, and extend the baseline for
another third. Early Euclid precursor observations of the entire WFIRST microlensing field would
also allow a cross check of every WFIRST mass measurement using a different telescope, instru-
ment, detector technology, and wavelength. They would also act as an insurance policy hedging
against a catastrophic failure of WFIRST mid-way through its nominal mission lifetime. Finally,
a survey by Euclid of the planned WFIRST microlensing fields three years before launch would
allow an improved optimization of the fields.

Euclid’s VIS channel has a very similar pixel scale and PSF size to WFIRST s Wide Field In-
strument, and a field of view nearly twice the size. Observations of the > 90% of the WFIRST
microlensing field would require five dithered Euclid VIS pointings. Eight pointings would cover
essentially the entire WFIRST field, with some room for the fields to move with field optimiza-
tion. An 8-field survey by Euclid taking 24 hours would reach S/N ~ 25-50 in VIS for sources
with W146 = 23.7, the median magnitude of WFIRST’s planet hosts over most of the WFIRST
microlensing field. A 96-hour survey would reach up to S/N ~ 50-100.

Summary

Through the provision of infrared detectors by NASA, the US community has a share in the
Euclid mission. In this white paper we have outlined the ways in which a small-to-modest in-
vestment of Euclid observing time during its prime mission, and during a possible extended mis-
sion, could significantly enhance the scientific yield of WFIRST’s exoplanet microlensing survey.
WFIRST is a major priority of NASA, and the US community as a whole, as expressed in the
2010 decadal survey (Committee for a Decadal Survey of Astronomy and Astrophysics}, 2010) and
the 2018 NAS Exoplanet Science Strategy report (National Academies of Science, Engineering &
Medicine, [2018)).

Euclid observations in support of WFIRST’s microlensing survey would provide microlens-
ing parallax and hence mass measurements for a significant fraction of WFIRST’s bound and
free-floating planets. For the free-floating planets, this is the only way in which their masses
can be measured. Measurement of the mass distribution of free-floating and wide-orbit planets,
as opposed to just their microlensing timescale distribution, would significantly improve our un-
derstanding of the outermost regions of planetary systems, the dynamical evolution of planetary
systems, and the frequency of planet ejection. Precursor observations by Euclid of the WFIRST
microlensing field would improve WFIRST s mass measurements for bound planets, and provide
important cross-checks against possible sources of systematic errors.
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